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I
I I. INTRODUCTION

[ The objective of t h i s  research ef for t  was to determine the opti-
mum frequencies at which a radar should be operated to obtain reliable

j aircraft classification. Previous efforts established the range of fre-
quencies which should be utilized to accomplish such classification. ”

I In previously reported results a set of harmoni cally related fre-
quencies were used rang ing in number from 12 down to 4, where the 4
frequencies were picked in the range most strongly contributing to the

I. reduction of classification errors. The present effort was motivated

- 
by the realization that the frequency parameter is the most costly and
its use should therefore be minimized . The objective was thus explic-
itely set, first to find the optimum single frequency of operation if 

I 

-

I only one frequency were permitted , and determine the minimum classifi-
cation error achievable when all other scattering parameters associated

F with that frequency were utilized. Next, a two frequency exhaustive
I search was performed to obtain the frequency combination that would

assure the minimum classification error. It was found that by utilizing
I. two frequencies the error levels were sufficiently low so that the intro-

duction of additional frequencies was not warranted. The range of fre-
quencies used was between 2 MHz and 24 MHz with the lower bound set
by the l argest airplane , the B1. The search for optimum frequencies

I was carried out in increments of 2 MHz.

I ‘ Previously published resUlts dealt with four airplanes of similar
size, F104, F4, Mig 19 and Mig 21. To provide a more realistically
representative set of airplane classes, four additional airplanes were

1. introduced that substantially Increased the range of sizes and shapes,
they were, F14, Mig 25, SR 71 and 81.

The classification algorithm used in this work is the Nearest Nei gh-

1 bor-rule. This choice was made due to both its nonparametric nature

1 1
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and i ts ef fec ti veness in cases where the different classes are distrib-
uted on rather convolved surfaces with relatively close proximity to
each other.

Section 1! discusses  d e c i s i o n  ru les , Section III describes the
va rious features availab le for the aircraft c lassi f icat ion process ,
Section IV discusses the noise model chosen for contaminating the learn-
inq sets to produce test sets, Sect ion V describes the method through

which test sets were produced and misclassification probabilities corn-

putt ’d . Sections VI through IX present the performance results obtained

by utilizin g feature vectors of increasing dimens Iona7i ty ranging from

single frequency amplitude returns through two frequency complex returns.

II. DECISION RULES

When the statistical nature of the corrupting noise is known the
optimum decision rule Is that of Bayes, where the misclassification

probab ility is minimized. The average probability of error associated

with returns from class Ck is

~(k) = 

N~ 
Pk (1) [1 - f P(x~a~)dx~ (l~in X

~
Rk

where Nk denotes the number of discrete points,a~ representing the class

an d R k denotes the region of n-space associated with the decision

rule for choosing class Ck gi ven Nk sample vectors a~, Pk(i~ denotes
the .i priori probability of occurrence of a~. The regions Rk are dis-

)oint and jo intly occupy the entire x domain.

I et  K he the number of classes or objects to he distinguished an~1

denote the a priori probability of each class , the avt 5 raqo proha—

h i J i t y  of misc i assificalton of the overall system would he

~~~~~~~~~~~~~~~~ 



P :I(Ck). 

- 

2

Combining (1), (2) and assuming 
~~~~ 

= , we have
k

K Nk
= 1 - 

~

‘ 
P ( C k )(.~

_ Y S P(x Ia ~)dx) (3)
k= 1 k 1=1 xcR k 

—

Bayes rule is set up to minimize the above by adjusting Rk suc h tha t

= - 

k~1 
max P(C k)(~~ 

~ ~
cRk 

P (x I a ~ )dx)5 (4)

or in another notation

= 1 - 5 max k P(C k ) P(x ~~~) dx (5)

where the integral is carried out over the entire x domain and

Nk
P(xla k) = ) ‘ P ( x ~a~) (6)

k 1=1

is the average class-conditional probability density function .

For the following special conditions

( 1) P(C k ) = (7)

(2) There is only one point in each class , i .e.,

Nk = 1, (8)

_  
~~~~~~~~ ~~~~~~~~~~~~~~~~~~
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one chooses c lass Cr when P(X ! C r ) i s  the m a x i m u m , i.e.,

if P ( X t C r ) = max 1 P(x IC~), choose Cr• (9’)

If the corrupted noise is additive gaussian , the point ar which
i s  at the minimum distance to the tested vector x yields the maximum

r ) (X I C .) . and Baye s rule becomes equivalent to an N.N. c lassi f ier , i.e .,

if I tx_ a n I = min i I x~a
’
~i , choose Cr~ (10)

k

where we use the usual notation for the Euclidean distance ,

= [(x~a~)T (x ~~a~~)*f2 . (11)

For the cases where there are more than one point in any one of

the classes , the N.N. rule classifies the unknown tested point x

as a member of the class Cr to which its nearest nei ghbor belongs, i.e.,

if iI x— a ~ i i = m m i i  x— a~ i I  , choose C .  (12)
i ,k

The average probability of misclas sif icat ion of an N.N. r u l e  ~N.N.

is hounded by the Bayes error in the fol lowing way 6

< ~N.N. 
< ~8 (,, 

- 
K (13’)

where K is the number of classes.

The N.N. rule has a practical advantage over the Bayes rule in
that the diff icult ies of determining the regions Rk are eliminated ,
an d of cou rse, the N.N. rule is nonparametric and consequentl y is ap-
plicable to classifi cation problems where the statistics of the noise

are not known .

4
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I
III. FEATURE SELECTION

The features at our disposal are the scattering matrix parameters

of a set of given frequencies. A major objective of a classification

effort is to minimize the dimensionality of the feature vector for a

given performance level. The “cost ” of the var ious parameters , however ,
in terms of system complexity and difficulty of extraction is not equal .

The most costl y parameter is the frequency, since each additional fre-

auency may require an 0dditiona l radar operating at the specified fre-

quency. It is for this reason that the present study i s a imed at fi nd-
ing the optimum frequencies gi ven that e i ther a s i ngle fre quenc y or
at most two frequencies are available. The other parameters that are

ava i la b le are the amp litude, phase and polarization. Here, too , the
associated costs are not the same. Obviously, amplitude is the easiest

parameter to obtain , polarization is next , and the most difficult one
is the phase parameter. The difficulty is in elimin iting the phase
introduced by range and doppler . One way of eliminating these effects,
di scusse d in Sect i on VI II, is by reference to the fundamental frequency
which is well inside the Rayleigh range and at which the target intro-
duces a very small phase shift. The use of the fundamental thus implies

the use of a third frequency if phase is extracted by the above method.

As to polarization we are assuming that two orthogonal polariza-

t ion components are ava i lab le.

Polarization

In previous studies t
~
3
~
S the classification performance was corn-

puted and shown for each of two orthogonal polarizations. The two corn-

ponents have different characteristics in that the component parallel

to the fuselage in the Rayleigh range of frequencies is  much stronger
t han  that  perpen di cu la r  to i t , but i t has been found that the perpen-
dicular component provides the best discrimination between classes .
Thus the first (parallel to the fuselage ) provides good SNR in the
presence of noise while the second prov ides good classification properties ,

5
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it is thus adv isab le to list ’ both components in ,in actual radar . At
frequencies beyond the first resonance which the l argest aircraft en-

count~’r the above statement does not apply, hu t s i nce the ori enta t i on
of the aircraft with respect to the radar is a priori unknown , the hori-

zont al and vertical polarizations as described above cannot be preserved ,
thus any polarization will on the average contain both components with

a chang ing mix.  It was therefore decided not to present performance

curves for each polarization but rather assume that the radar utilizes

both . 
-

I V .  NOISE MODEL

The noise model representing the noise and errors of a radar system

should have both additive and multiplicative components. The additi ve

components correspond to corruptive influences such as thermal noi se

and the multiplicative reflect such effects as measurement errors and

clutter . Because of the mathemat ical complexity introduced by multi-

plicative noise , the noise model chosen here is additive only but rep-

resents the multiplicative components , wh i ch are s ign al level  depen dent ,
by normalizing the noise variance to the signal power leve l .  Thus fo r
oO .l the no ise standard deviation is lO~ of the ave rage s i gnal level .

This normalization of the noise further removes such parameters as range
to t he target , antenna gains , transm itter power, etc. from affecting
the relative strengths of noise vs si gnal . The stat istical nature

of the noise model is gaussian due to the assumption that several rela-

ti”ely independent sources of noise and error contribute to the total

corru p t i ve in f l u e nce; invok i ng the cent ral l i m i t theorem the ir sum ten ds
to a gaussian distribution.

It should he borne in mind that the precise nature of the noise

is less important than its effect on the classification performance.

Thus no attempt is made to combat the noise effect by devising schemes

taylored to its statistics. The noise serves strictly the purpose of

determining the degradation of performance with increasing noise levels .

6



1.
30L1 t h~ ~ sessment of such performance as the selecte d fea tur e sets
1ire v a r

The noise components are added to the signal as phasors in the
following way. A noisy amplitude return of the jth component of a test
vector is

I ~~~~~~~~~~~~~~~~~~~~~~~~~

wht’r.’ S 1 Is the jth frequency component of the si gnal ampl itude si gnal

I ~nd n~ , n.., art’ G a u s s i a n  n o i s e  components with zero means. When the
siqn al s considered are complex , noise is added al gebraicall y to the

I two orthoqonal components of the signal . The refo re, the jth component
of a test vector becomes

f J (S i,.+n 3
1h + (S~ 1 +n 4 1~

’

where S~ . and S,~1 are the real and imag inary components of the jth fre-
quency return at the selected aspect ang le , and n~, n4 are ~auss i an
noises whose statistics are the same as that of n1, n.,. The standard

I devi ations of n
1 throug h n4 are normalized t oS ~/~r~, which is off by

a factor of 1/ ? from all the previous work ‘ ‘- ‘  ‘ but serves as a better

I indicator of the noise level in terms of the uncorrupted signals.

V. E~N~~I~1ENTS BY MONTE CARLO SIMULATION

E An anal ytical calcul ation of the probability of miscl assification
for the N .N . rule is rather involved because it requires multidimensional
integration over extremely complicated bound aries. Therefore MonteI Carlo s im Lila ti o n was empl oyed to compute performance. In the following
tests . 600 random numbers were generated in each case and added to the

V noise free signals to form the test vectors. The newly formed vectors

~1

I



were then c l a s s i f i e d  as belong ing to one of the clas~es according to

(13) and the probability of misclassification was computed by counting

the number of mistakes out of the total number of tests , which was 600
f o r  each case .

The coordinate system ut i l ized in s t a t i n g  the obse rva t i on  angles
and pol arization is shown in Figure 1. The geometrical center of the

airplane coincides with the orig in of the coordinate system . Four as-

pect angles are chosen in the experiments and their scattering returns ,
as mentioned before, are numerically computed to provide the noise free

“lea rninq ” set of vectors.

Some a priori information about the aspect ang le (h3 ,~~) of an air-
craft is usually avai lable which helps in the identification process.

In a practical situation , conventional radar Dopp ler and range combined

with known airp lane  f l ig ht dynamics in fact provide a fairly close es-

timate of (0,~ ) .  The est im ate accu racy was ass umed to be w i th in ±50

in ~ and e. In ac tua l i ty th e est im ates are better  than  the above f i gure.
Assuming that it is known that (El

0,~0) is w i th i n th e above l im i ts , on l y
an angle reg i on of 100 in e and t centered at (e

~
,
~

) need be considered.

Since the data are computed only at discrete values of aspect ang le ,
we have a set of angles each of which may correspond to the actual as-
pect ang le of the aircraft.

Fou r center as pect angles cor respon di n g to a l te rnate were
chosen as representative of the scattering characteristics of the air-

craft . The y are,

nose on ,

(qO °,oO°~ side view ,

bottom view ,

S
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F i gure 1. The coordinate system descri b ing as pect angles
- and polari zation .
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and
(45°,45°).

They approx i mate the parametric range of scattering values for
each aircraft . The data used in the experiments , therefore, consists
of the scattering returns of . different aspects, around each of the
above angles.

~~~~~~~~ ~~~~~~~~~~~~ 
(e~,~ -5°)

~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ 
(e
~
_s°,~ -5°)

~~~~~~~~~~ ~~~~~~~~~~~~~ 
(e
~
+5°,$~

_5°)

in two of the above cases, namely “nose on” and “bottom view ” the
geometric al syn~ietry reduces the number of aspect ang le from 9 to 6
since for those situations (O

o
+50 ) and (O

o
_5 0) yield the same electro-

magnetic response.

In the fol l owir i simulations , all aspect angles are equally wei ghted
and the a priori probabilities are considered equal for all the aircraft
in evaluating the overall probability of misclas sification.

To simpi ily the notation on the plots the following abbreviations
are used.

C lass A ircraft type Dimensions

C1: F 104, 16.69 m x 6.68 m x 4. 11 m,

C 2 : Mi g 19 , 13.49 m x 11.12 m x 7.94 m,

C 3 : F 4 , 17. 76 m x 11.7 x x 4.96 m ,

L .~~~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



r

I.
(.4 : Miq ~‘1 , 15. 76 in x 7.15 in x 4.50 m,

Miq 75 , 21 .0 m x 12. 2 m x 5.02 in,

SR 71 , 37. 74 in x 15 .95 m x 5.64 in,

C7 : B 1, 43.58 in x ?3. 77 in x 10.35 in,

F 14, 24.36 m x 70.98 in x 7.67 in.

The sym bol f = ?n MHz Is used to represent the frequency, the f i rs t

h ar m o n i c  Is therefore 7 MHz.

It i S  clear from the above di scuss i ons that

for (00,00) and (900,00)

~~~ ~
fo r  (90°,90°1 and (45°,45°)

v i ,k (15)

The noise standard deviation Is normalized with respect t-o each

individu al aircraft return. The a priori probabilities here are all

set to he i/S corresponding to the eight aircraft stipulated.

F In the following sections (VI-IX) the cases for single frequency

and dual  frequency returns will he’ discussed and the computed classi-

fication errors presented.

11
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VI . SINGLF FRE QUENCY AMPLITUDE RETURNS

The simp lest case consi dered is classification using a sing le fre-
quency amp litude return , utilizin g two orthoqonal polarizations .

Figures 7-6 show the results for the best 5 f re quenc ies ou t of
the 12 frequency data available. The performance Is shown for one as-

pect angle hut it is representative of the other ang les as wel l. S ince
the error rates are unacceptabl y high , i t di d not appear to be useful
to provi de more deta i led informa t ion on the performance of this feature
set. Each curve is computed by Monte Carlo simulation of Equation (1)
and the average curve (see Equation (2)) is p lotte d to show the overall
perform ance at this frequency. Note that the probabilities of misclassi-

fication for some aircraft are much l arger than those for other aircraft ,

indicating a bias effect among the targets to be classified. This ef-

fect is very l arge for some aircraft (e.g., P~ (C 1 ) and Pe(C q) in Figure

~) and degrades the overall performance qu i te si gnifi cantl y. The phe-
nomenon is mainly due to the inhoinogeneous distribution of data. For
instance , the i dentification of an aircraft with the data surrounded
by those of others would he subject to more mistakes than one whose

data are only partially in proximity with others. Indeed in a two class

• case, for example , where the data of one class surround that of the
oth er , the probability of choosing the surrounding class will keep in-
creasing as the noise increases, producing a pronounced bias to the
extent that for any large noise variances the probability of selecting

the surrounding class will tend to unity and the misclassification prob-

abil ities for the two classes will tend to zero and unity respectively.

The bias effect may also produce apparently anomalous effects such as,
for examp le , curve Pe(C2) in Figure 5, where the error probability starts
decreasing beyond a certain value of noise variance. To explain this
apparentl y anomalous behaviour we assume a particular distribution for

it a 7 class classification. Each class has ~‘ p o i n t s  in one dimensional
space as shown In Figure 7. Suppose the 7 C1 points coincide and 2
C7 points are not clustered together; instead , they are spread around 



—-~~~~~~—-~~~~~- - -~~~ • - - • _.~ - - _ _

I

I
O.7

‘C 8

0.6 - / /CI

z
0

4 0.5 —
0 cLL 5
U)
U)

C
-J
o O.4 - cC/) 2

0

I—

4
£0 C 5

4

II

0.1 ~~~~~~~~~~~~~ 3 0 ~~~~~~~~~O!5
NOISE STANDARD DEVIATION

F i gu re  .‘ . Probability of misclassification for individu a~, ai~rc ra f t ,
using amplitude returns at frequency f1 and (0 ,O )
aspect ang le (nose on).

13



-

0.7

0.6

z
2
I—
4 0.5 -
0
U-
U)

C44
-J CoO.4 -
U)

U-
0 C 3

-J C 5

4
CE
0 0.2 - C6a:
a.

7

0.1 —

0
0 0.1 0.2 0.3 0.4 0.5

NOISE STANDARD DEVIATION

Fi gure 3. Prohahi lit of miscla ssific ation for indi vid ija~ a~rrraft ,
using amp litude returns at frequency f 7 and (0 ,0
aspect ang le (nose on). -

14 



* 0.7

0.6

z
2 C 5

~~~~~~

o O.4 -
c C 4

U-
0

C 2
-J

CE

a.

0.1 -

0 1 I 1 1
0 0.1 0.2 0.3 0.4 0.5

NOISE STANDARD DEVIATION

Figure 4. Probability of misclass ification for indiv idual aircraft ,
using amplitude returns at frequency f3 and (flb,fl0)
aspect ang le (nose on). 

• -• -~~-•• - - ——~~~~~~~~~~-~- -



~~~~~~~~~~~~~ c I

0.8 -

-

~ 8

0.6 - C3

z
0

4 0.5 -
LI .
U-

‘I)
U,
4 C2

/
C6

U-
0

-
I-

CU ,
4U ,
~~0.2 -

‘3-

Cl

0.1 —

o I ~~~~~~~~~~~~~~~~~~~ 

C4

0 0.1 0.2 0.3 0.4 0.5
NOIS E STANDARD DEVIAT ION

Figure 5 . Probability of misclassif ication for indiv id ua~ a~ rcra f t ,
• using amp litude returns at frequency f7 an d (0 ,0

aspect ang le (nose on).

1 -



Fr

0.7 -

C4
0.6 — -

z
0

C54 0.5 C0 3
U-
U)
U)
4

Cl)
- tv~
U-
0

C I
I- / C 6

/,/C8
CE
4

C7
0.I —

0 I
0 0.1 0.2 0.3 0.4 0.5

NOISE STANDARD DEVIATI ON

Figure 6. Probab i l i t y  nf m i s c l a s s i f i c a t i o n  for indiv idual  a i rc ra f t ,
using amplitude returns a t  fre que ncy f10 and (0 0,fl0~
aspect ang le (nose on’I .

17 



- --- r

0 C 1
A C 2

I ~~~~~~~~~~~~~~~~~~~~~ 
I

R 2 
I R 2

F ig ure 7. A two class d istribution h~ad ing to an anomalous
classification behavior.
o denotes c lass  C 1x denotes class C,

the  C~ points as shown in the figure. The noise added to each class

is assumed to he Gaussian with zero mean. It is obvious that an N.N.
rule w i l l  lead to a f ixed boundary for each region and the probability
of misc lass i f icat ion of C 7 is just one half of the sum of the two shaded
areas. It can he shown that

= erfc(~— ) - erfc(~~) 
, (15)

where the complementary error function is defined as

e rfc(x )  
~ .(“ —4 e 2 dy ( 16~x J2n

The function Pe (C 2
) is p l o t t e d  i n  F i gure 8. Pe (C 2 ) increases as a/ i

goes up from 0 to 1.05, and decreases as a/e increases. When a is f ixed ,
increases as e i.e., the standard deviat ion of Gaussian noise )

aoes lip till e = a/1 .05; the shaded areas beg in to decrease as e goes
over this point and tend to zero as the noise l evel goes to infinity.
This shows that the probability of misclassi f icat ion Pe (C 2~ does not
necessarily increase as the noise level goes up, as was seen for Pe (C

~
\
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I ~~ irp 5. This anomalous hehavi~ r is reduced as the dim ension al it y

of the feature vector increases since the like lihoo d of class enclosure

by its nei ghbor decreases.

1
~e 

(C 2)

0.2 —

0.1 —

0 —0 I 2 3 4
a j
‘a-

Fi gu re ~~. Average probability of misclassification of
Cl ass C 7 in Fi gure 7.

An important chara cter is t ic  of the c lass i f i ca t ion features is the
size of aircraft. Since the electromagnetic amplitude response is ap—

proximat e l y proportiona l to the size of an illuminated scatterer at

frequ encies be low resonance , the targets whose s izes vary s iqni f icant1y
from the average would he fairly easy to separate from the main group

of targets and hence hea~- smaller probabili ties of error in classifi -
cation. This is shown by the performance of C6 and C7 in Figures 7
and ~~. Note that C7 (Bi) is the l argest aircraft among all the investi-
gated ones and is distinquis hed from all others pretty eas ily in almost
all cases since its amolitude returns are much larger than those of
others over most of the operating frequency range. This advantage
is not present for airplanes of approximately equal size. The discrim -
in atio n between some airpl anes are difficult at certain frequencies

in



-
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bec~uuse thei r sca t t e r i nq  returns are ve ry s i m i  l am— . This s i m i l a r i t y
occur s for di t fe ren t  ~ii rpl anes at d i f ferent frequencie s.

The classifi ca tion performance shown in Fi gures 7-6 is for the

asp ect anqle (O 0,00~ . The performance at the other three ohs~ r v a t  ion

ang les i s represented in in Figures Q— 1 1 . Th e opt ilnuin frequency i s
h,’ ‘ ame for a l l  anql~ s, namely -~ MH: . The cha n ge in the observ a t io n

1111111 nat ion ar uql e dot ’s not a f f e c t  s i gn if i cant 1 y the performance.

~ h is i s dtj~’ t ~ ~~ 1 at i vu’ shape i ndepu’ndemuct ’ of t h e  amp ii tudt’ response
when operat I rig W I ’ 11 Wi t h i n  t h e  R~ivl ci qh range of frequencies. F i c ium res
1 ~~~ de pic t  the av e rage performance fo r the eight ai u-craft at each

~ t h~ oh~erv~mt i on anol es for the k’s t frequencies. It i s cvi dent th a t
f - -1 M hz is t he opt imui’i frequency for all observation anql es. The

“eason for the ont ima l i ty  of such a low frequency is that u t i l iz ing
s inglu ’ frequency annp l itud e returns the di scri m ination feature is the

sca t t e r in g  cro ss section which i s  d i rec t l y  “elated to si :e ( i n the Ra lc i gh

range~ . The na i n  advant ages of hi qher frequenci es is phase infor mat ion
wh ich is ignored when amplitude al one is used as a di scrimi nant -

The rt’l at i vu’ ave rage performance at the optimum frequency is shown
in I iqure 16.

V I I .  SINGLE FREQUENCY COMPLEX RETURNS

1 s i qn if i cant i m provement over the previous resul ts was achieved
t ’v us ing phase inforinat ion in adl i t ion to amp l i tude information. Wi th
the introduction of phase , the dim n ens ion al itv of each tested vector

I nc r e i s ’s from two to four . Also the performance at hi gher frequencies
k’t~oines superior to l ower frequency performance because the phase van —
at ions become more pronounced at the higher frequencies , reflecting

shape chaniqes . Th~ size changes are detected by ampl i tt ide v a r i a t i o n

i i i t ~i ’  comb i ned effect produces a subs t ant i all y i unproved performance
com pare~l to prey ions results. The i rregular i tics that appeared in the

last s e c t ion  are reduced dr a stic all y due t o  the higher d imensi o na l i ty .
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Fi gures 17-26 show the resul ts for the best frequenc ies at four aspect
ang les . The probabilities of misclassification can be seen to be sub-

tant ially l ower than for the amp litude features alone. The errors are
neg li g ibly small up to noise l evels of 10% of si gnal level and even
for 20% noise level the worst error probability is 0.15 at (90°,90°)

(side view) for targets C1 and C4, wi th other observat i on angles pro-
ducing substantially l ower errors. In fact when the error is averaged

over al l classes for eac h observa t ion ang le , the opti mum frequenc ies
produce less than .05 probability of misclassification for the (90°,Q0°)

observation angle , .02 for (900,00) and undetectable errors for (00,00)

and (45°,45°), for a 20% noise level injection (see Figures ‘7_ 30’t •

The bia s phenomena describ ed above st i ll ex i st but are substan-
tially reduced , due to a hi gher di mens i onality of the feature vectors.
Some frequencies , however yield si gn i fi cantl y better performance than
others because the scattering responses of different airplanes at these

frequencies are more dissimilar , improving the overall performance (Fig-

tires ?7-.30). This is especially true at the two aspects , (0°,0°) and
(45°,45°), where the simil arity of the data is pretty weak .

The data simi l arity are exemplified by the bottom view (90°,0°).
The two (vertically and horizontally) polarized waves are excitin g the

fuselages and the wings of the aircraft. Their dimensions , however ,
are very close for some aircraft (e.g., for fusela ges: C 1 (F 104) -

~~~~ m , C4 (M ig 21) - 16.75 m , C3 (F 4 )  - 17.76 m; for  w i n g s :  C1 -6 .6R
m , C4 

- 7.~~ m, etc.) At the low frequencies , where overall di mens i ons
dominate , the sca tteri ng returns of these a i rcraft are so c l ose (see
Figures 3l-37~ that to distinguish them becomes rather difficult (see

Pe(Ci ) and P~(C4) in Figures ig and P0” . This kind of data simi l arity

is reduced as the frequency increases 
~~e ~~~ 

and 
~e~~4” in Figures

“I and ~2), where the scattering returns are more shape responsive .

At f1.,, we obtain the best performance at this aspect (Figure 77’i .
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(‘ompar i rig the com plex responses of the ta rgets  (F I qures 33 — 3 6 )
o the am npl i ti lde r’e’~ponst ’s , we see that emp lov i ng t h e ph ase i n f o rm a t i on

not on I v increases the di mrlt ’nc i ona l i t  v of the features , hu t  a I s o ex t  ends
he r mr iqe of eac h f eat ti re from pos i t  i y e  va lues a 1 erie to  t he whole real

ix i s . Note th at  the ima g in a ry par ts  of the complex scattering returns
t a l l  the a i “craft at the hot tom v iew are al l  p o s i t  i ye , indicat i ng
i~~t t me phase s are a lwa y s  les s  than ~0 ~legrot ’s . T h i s is due to t he

act that the he qht ( t h ic kness ’l of the a i rc ra f t  is less than 1/4 wave—
I enq t w i t  Ii in the oper at i rig t requency r- ange ( ‘ MH~’ — 7-1 MHz . The re—
-~ m 1 ta ut  phase (lit t er-once’; frc~n the por t i ons of the a i rc raf t  do not vary
;rro re th an ~O degrees at t h i s  s p e c i f i c  aspect  ang le . This  1 j u l  ted van —

at  io n i i  phase does not hold for othe r aspects  l ike (0 0,00 ’) ( see F I gures
‘ -1.’) and (1~ °,1t~°

\ 
, lea d i n g  to a bet te r performance at these aspects

when u t i i i ?  i rig the phase h i t  onmua t ion . H e n c e , the performance of t lie
ci  is s i  icr i s rat lien’ or ient at ion dependent (F I qure 43)

In genera l as t lie ’ f requency inc reas es f rom the f i r s t  harmonic up,

he performanc e improves both due t o  the increased scattering amp ii tude
iii the Rav le  i qh range and the increased phase va n at ions which are shape

~enis it i ye. As the t in st reson ance is c ros sed the sc a t t e r i ng  ampl i tiide
o s c i  1 i r t o s  w i t h  freq u ency (Figures 11, 3:’ , 41 , 47’), since most targets .
hOw ov , ’r reso nat e  at d i f ferent  frequencies thes e o s c i l l a t i o n s  cont r ibute
o I ui rt lien’ dat a separa t ion  among t ‘no t a rge ts  and thus improve overal 1

perform ance.

L 

46



I
I
I

0 0 0 0  N ~
~~~> C

I

H

I N~ifl i3~ 30flhI1 d~~~ 3AI iV138

1~ 

- - --~~~~~~~~~~~ 
--
~~~~~~~~~~~~~ 

- - - -
~~~~~~~~~~~~~~~

-- —- -
~~~~~~~

. , ---



__________________________ 
-~~~~~- —,-— ---~~ 

—‘ ‘-- --

‘
p +

/
P 

\~J~+~

0 0 0 0 J4 ’/ \ /  \\
o~~~~~ o . 

~~ 
)
~‘,X — ’~3~

¶

~~~~~~~~~~~~~~~~~~~~~~~~~~ \

—

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

-- V  \ E

~~~~~~~~~~C.) U t . .) 0 “
~~~)~~ N~~~~

0 4  + X I Z
L

/ 
\~~~~~~~~~~~~~

+ 
c~..

I

N~ fl1 J~I 3OflhI’1d~ lV 3A I iV13~ •
c7~

_ _ _  

_ 
.14



- —---- - --
~~~~~ - .--~~~~—~~~~~~~~

--
~
--  -—

~~
- - -

~~~
—---— -—~~~~-~~~~~~~~~~~~-- --~~~ --- - -~~~~~~~~~

—--- -

~~~~~~7~~7
/ /_

~

I
0 0 0  0 \ /

~ a • ._X~
- Y z
/
/ Li

— c’J I., a -
~0 0 0  C.) 

- 0
0 4  + X ~.._ —

-4--,

L

+ —..
4

- x +
/

N~ fl13~ 3anJ.Ildwv 3AliV13è~
4-;

L



- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~

- 

~ A - ~
\ j~’T7 ,7~~~~
\ ~~ /
\/ A 1 /  / 0 ~~~~~ ‘o~~~~~-~~~~~~ g

~~~~~~~~~~ A Li 0 0 0 0

/t’i7{ T 
0~~

/ I
-~~~~~~

0 4  + X 
—

N~lO13~ 30f l1I 1d~1V



________________

I

0

/

\~~
1
~ 

~~

( - ) 0 0 0  l I \ W
O~~~~ 0 S \ l ’ ~ \~ \ ~

- (‘1 ø)~~~~~~0 0 00  / \~N ‘\ 
~0 4 + X ~~~~~~~~~~

(

~~~~~~~~~~~~

Nidfli3~ 30flhI1d~~Y 3A11V138

I ,

_____________________________________________________ A4



- -__-,__~~~-..-- ,- ~~~~
— -,-- ‘--- - 

~
—;—-- 

- ----
~~~~~

-. 
“— 

.
~~~~~~- w---- ~~~ - -

~~~~~ 
- — - ‘-. -

~--~~- 
-- -

+

0 4  + x -~~+ 
~~~k CI NJ

V

9- - -
C

ro c~
p 

~~~ II

L

I

~~fli~~ 30flhI1d~~V 3A Ij V1 38

gy,

-



pp
p__ - - ---__ - -

~~~~~~~
-- -- - --‘--- ~~~~~~~~~

:-“ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ‘.- ~~~~. .- ---—. ----------- ,-
~~

—----—.--- -~..-—-‘ ,‘- -- --~----- - - - - -  -~~~

‘ I  \117
H
‘H

o~~~~~0 .  ~~

—

-~~

c
\ C-

~~~~~~~~~~~~~~~~~~~~~~~ \ / L&J
0 0 0 0  \ \~~/~~o 4 + X \ ~/ Lii

‘1D4 D~~ 0
/~ La..
I

C-

C)

‘4-

P ’ C)
P
u ~- ii

~~~~~cr 
0~~~~

a
~~

-
~~~J -

L___ I I I ____________________________________

0 0 0 0 0 0 0 0 0 0 0
40 in ~~‘ ~) N — N r~

) 
~~I p

N 8 f l 1 3~ 3Ofl hIld$1V 3A 11V138

-- -— 
~~~~~~~~~~~~~ - — --- —-. - ------—



— - - -- -
~~~ 

- — - -

0

~ /~
3
/
,

.n ~~ 
k~ i _

/
0 4  + X  I

L I I i I J i I I
~~~~~~~~~~~~~~~~~~~ O 0 O O O ø  ~

N~lfl13el 3Ofl hl1d I~~ 3AIIY13IJ
LI

I; i

I ~~~~~~~~
_-

~~~~~~~~~~~
-- /_~~ — -- — - - - ~~~~~~~~~~~

-
~~~

-
-

- - - - 
~~~~~~~~~



30 -

25 —

20 —

z

I—
Li

Li —
0

-J
a-

C4 8
10 —

Li 
_____

> C5c6
4
_l ‘=4
Li

C2
C3

C ,

0 1 I
0 4 8 12 16 20 24

F R E Q U E N C Y  ( M H z )

Figure 41 . ~np ii tude returns of tor i  Len ; t o il y no 1 an Lcd wave for
oi Ou t a i rc ra f t  at ~~ : Q , -

~~~~
‘

_ _ _  ~~~~~~~ 



24 —

Li

Lii 16 —

0

I-
-J

12 —

Li
> Ce

C34

C6
C4
C ,
C 7

4 —

C2
C

5

~
O 8 12 16 20 24

FREQUENCY ( MHZ )

F ig ure  4 ’ . Amp l i tude returns of v e r t i c a l l y  po la r ized e i c c t r o i a i n r e t j c
;catter inq response fo r- eight a i rcraft  at ~=0 , ft

I
~1

L ~~~~~~~~~~~~~~~~~~ - —-- - - -—- —~~-—- -- ~~~~~~~~~~~ -- - - -------- - --



- - ---—--- ~~~~~ -
--~~ -- _----—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - - -  —

~~~
---

~~
---—-- -- -

0.30 —

z

~~0.25

~~0.20 -
e 

( 900, 900) f 1,

• 

\

\

0. 15 —

( 90? 0°) , f
12

~~0 .lO—

0.05 - 
(°~ ~~~~~~~~

~~~~~~~~~~~~ 

~~~~~~~~~

0
0 0.1 0.2 0.3 0.4 0.5

NOISE STA NDARD DEVIATION
.T

F l iun,’ 43 . Performance conpar’ ison for different aspect ang les
em p loy ing opt i m u m single frequency com plex returns.

‘p 57

1=

I 

-‘p~~~~- 



VI I I .  S I N G L E FRE QUENCY COMPLEX RETURNS COMBINED WITH THE
AMPLITUDE OF THE F UNDAMENTAL HARMONIC

In order to obtain target phase information it is necessary to

r~ nove the phase produced by ranqe and the doppler frequency. A rela-
tively simp le method of achieving this is by utilizing the fundamental ,

or first harmonic. Since the tar get phase at th is low frequency is
approxi mat e l y zero it may be assumed that the phase associated with

the t arget is s t r i c t l y  due to ra nge. Also it can serve as a referenc e
for the r~nova1 of the doppler.

Let the return of the fundamental be given by

= A0 ~~~ (t~0t + Wodt + ~~~ +

where Ui
0 

is the frequency of the fundamental , ~~~ i t s  wavelen gth , A0
the amplitude of the scattered return , 

~~ 
its phase and the range delay

‘
~nir/\ 1 adding to the phase at the receiver. The frequency W

d is the
Doppler shift . produced by the target ’ s motion. Since the phase may
b~ assumed to h~ neg ligibly small the phase of a hi gher harmon i c , at
say nun 1, may he oh t a i ricO by frequency mu 1 t i p  lvi nq the ret urn of the
fundamental by n and com paring the phases of the two s i g nals . Forming
the phase difference we obt a in

- rk~n0t ~ 
nttIOd t + 

~(~
_7

~
j  + - fltii0t - nw dt

- - n~ ~fl 
-

Thus the range effect on phase as well as the Doppler are removed , yield-
ing the phase of the scattered object at the nth harmonic. If th is

_______ ~~ ~~~~~~~~~~~~~~~~~~~~~~~ 
— -- --
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I

approach is indeed utilized , one must assume the availability of the

first harmonic and it is apparent that it would he advantageous to utilize

this add itional feature in the classification process. Includ ing the

added feature yields the performance shown in Figures 44-55 which in-

dicate somewhat l ower error rates than shown in Figures 18-30 that did

not use the l owest harmonic. The i mprovement var ies  with observa ti on
ang les an d f requenc i es , in some cases reducing error probabilitie s by

a factor of two and in others just slightl y.

A set of curves in Figures 56—59 summarizes the improvements af-

forded by the successive addition of the features discussed above. The

cu rves show the error probabilities resulting from the use of each of

the twelve frequencies f1 through f17. The compar i son i s ma de between
t he use of A ’) amplitude alone , B) amplitude and phase , and C) amplitude

and phase of each frequency f 2 through f 1., in conjunction wi th the f i rs t
harmonic amplitude.

Comparing the complex (amplitude and phase) to amplitude alone ,

a very large drop in error probabilities is evident at all but the l owest

harmonics where the phase contribution is rather small. Note that the

fmproveme’~’ is smallest in the f1~9O°, 4u~0
0 case wh i ch i s the bottom

v i - ’w. The reason for this is the relativel y small phase contribution

until frequencies reach fairl y hi gh levels .  As men ti one d above the
physical distance between the phase center and the geometrical center

f r om this observation ang le is very small and consequently the target

phase is quite small and increases slowly with rising frequenc ies.
It is in this case where the fundamental harmonic provides a substantial

im provement. The same can be seen at all ang les for low frequenc i es
where phase is of little help. Curve C’ reflects substantially reduced

error probabilities. As the frequency increases the fundamental pro-
vides some improvement hut it is not very significant.
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~1ie use of the fi rs t harmon i c as a reference i s advan tageous i f
the hi gher harmonic whose complex return is utilized is not a hi gh multiple

of the fundamental . For un der these circumstances the phase n-~0 is

indeed small . If , howeve r n i s la rge t hen nq 0 is not neg ligible and

introduces a phase offset which prevents the accurate determination

of the target phase at the nth harmonic. For classification purposes ,

however , the absolute target phase is not required , the relat ive phase
can serve as a modified phase feature which w i l l  y ield in turn

a modified complex return. If the phase at the lowest harmonic is not
neg l igible there may be an advantage in using a hi gher harmonic than
the f uridari ’ental for phase reference. The main advantage in using a
hiciher f r e q u e n c y would be the result ing improvement in angular resolu-
tion , hut addit ional l y if n is la rge any error in measuring 4~ 

would
get magnified by a l arge factor n. Thus picking an adjacent frequency
say (n-flw0 would eliminate this effect and would provide a much more

convenient imp l ementation as a radar system. It would therefore be

of interest to evaluate the cla ssification performance utilizing various

f requency pa i rs  w i t h  one of them as a reference. Note that the measured

net phase of the kth target illuminated by the nth harmonic with the

rnth harmonic as reference would be 
~~ 

- n/rn 4~ ) , where is the target ’ s
phase  at frequency nw

0.

IX . (1 ASSIFICAT ION PERFORMANCE UTILIZING TWO FREQUE NCIES

In previous discussions we have limited the number of frequencies

used to one,exce pt for t he aux i l i ary amp l i tu de of the fun damental .

~t present we introduce the simultaneous use of two frequencies p icked
from the set f1=

’~ MHz through fl?=24 MHz. We will again consider first

the use of amp litude alone , followed by the utilization of both phase
iri d amplitude , that is two orthoqonal components for each frequency,

ir i d in each case two orthogonal polarizations are employed. We have ,

t herefore, a four feature vector for the amp litude case and an ei ght

feature vector for the com p~~x , or amplitude and phase , case.
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The e f f o r t  involved in choosing the optimum two frequencies is

subst ru t iall v greater than twice the effort of choosing one frequency

becmse the two jointl y optimum frequencies are not the best and second

best singl e frequencies. T hi s i s true even i n the case when all fea tures
.~re mut ua ll y independent and even more so when they are correlated as

-,

in the present case. ‘ We were thus faced with a study involvin g all

possib le combinations of frequency pairs. Since no analytical method
for optimum choices is available one must resort to an exhaustive search .8

The classification results utilizing two frequency amplitude returns

ire shown in Figures 60-69. Fi gures 60-64 show the performance for

each aircraft at the optimum frequency and the four chosen aspects.

The performance is considerabl y better than in using onl y a single fre-

quency amplitude return but worse than in using a sing le f requenc y
complex return although the same number of features are used. The better

performance of the sing le frequency may he due to the fact that in usir,q

two frequency amp litude returns , the returns are always oositive , while

in using one frequency comp lex returns , each component can he either

positive or negative , increasing the range of the variable in feature

space and consequentl y providing a better performance. This indicates

that the phase information may be more effective than amplitude infor-

nation in considering the use of additional features. Fi gure 63 shows

that the amplitude features yield a peculiar response for some indi-

vidual  a i rc ra f t  (C4 here) as mentioned before , whereas i n us i n g one
frequency comp lex returns th i s k i nd of odd res ponse i s essen ti ally elim-
inated. Figur es 65—69 show the average performance of the best five

frequencies at the four chosen ang les. As ma y be ex pecte d of amp l it ude
returns , they are fairly orientation invariant.

The probability of misclassifi cation for each individual aircraft
us ing t w o  frequency complex returns are shown in Fiqures 70-Se. The
performance curves for each aircraft for the best five frequencies at

~ach of t~ e four aspe - -t angles are all listed here because they all
did fairl y well in terms of the overall average probability of error.
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The performance curves for (90°,nO°) are worse than others , but note
that we have doubled the error scale since error rates are very low.

The probabilities of Individual misclassification of C~ and C4 are rela-
t ively high because the scattering returns for those two airplanes are

close to each other over the observed frequency range, degrading the
overall performance. This occurs only when both sizes and shapes of

aircraft appear to he very similar at the chosen observation angles ,

and does not happen too often. Again the orientation dependence is

quite strong for the same reasons as discussed before (Figure 94).

The average probability of misclassification has been reduced to less

than 15% i n all as pect angles when the level of noise standard deviation
is 50 percent (Figures 90-94).

A performancesun nary for different sets of features is shown in

F igures g5-Q~• The class ification reliability increases as the fol-

low ing feature sets are selected in the order shown : (1) sing le fre-
quency ampli tude returns , ( 2 )  two frequency amplitude returns , (3) sing le
frequency comp lex re turns , (4) single frequency complex returns with
th e fundamen tal harmonic , (5) two frequency complex returns. In ut i-

liz ing two features , the phase information shows stronger effect than

an amplitude at an additional frequency. This is caused by the close-

ness among two frequency amp l itude returns since the system is operating

at frequencies mostly within the Raylei gh range. On the other hand

components of complex returns can go either positive or negative , in-

creasing their var i ability and reducing the closeness among the data.

The resul ts obtained indicate that the optimum frequency pairs

at different observation angles are different. For a practical system,

it may he inconvenient to change the operating frequencies as the ori-

en tation of the observed target varies. In this case a pair of fre-

quencies must he chosen beforehand in designing a radar system.
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Figure 92. The avera ge perfo rmance at differen t frequenc ies , using
two frecuency comp lex returns. The observation ang le
is 0=90°, 4~=9Oo .
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Figure 93. The avera ge performance at different frequencies , us ing
two frequency complex returns . The observat ion angle
is 0=45°, ~=45 °.
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I 1qu ~~t ’ O4~ Perforn’ance compar ison for different aspect ang les
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Fi gure ~5. Performance com8arison for different combinations of
features at 0=0 , 4~ 00 employing optimum set. of
frequency returns.
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F igure 96 Performance comparison for different combinat ions of
features at 0=900 , ~~~ emp loying optimum set of
frequency returns.
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Figure 97 . Performance comparison for different combinations of
fea tures at 9=90° ,th=90° emp loying an Optim um set
of frequency returns .
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Fiq urt~ 98 Performance compariso n for different combinati ons of
features at 0=45 ° , ~=45’~ emp loying an optimum set of
frequency returns.
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~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 
-V...- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~

One would be led to chose the frequency pair such that the error
averaged over all aspect ang les is smallest. However , this may not
he sat is factory since the error at a specif ic aspect mi ght not be tol-
erable whi le the system perform s extraordinarily well at other aspects.
Therefore , it it more reasonable to choose a frequency pair such that

the worst performance at all aspects considered is the smallest. From
the data available , this optimum frequency pair is f11 and f17 (Fi gure
qg’~ The performance when using these two frequencies at the four aspect
angles are plotted in Fi gure 99 and the unlabelled curve represents

the average. It is shown that at this optimum frequency pair , the scheme
performs very sat is fac tor i l y even when the noise level is extremel y
high ( ‘= 0 .5 ) .  This als o shows that N.N . rule can distinguish the ei ght

aircraft in all the considered aspects wi th the low probaL~ility of mis-
classification when the system is operating at the optimu -’ requencies.
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NOISE STANDARD DEVIATION

Figtir~ 1~)~ The average performance at 4 different aspect
ang les with the use of the optimum frequency
pair (f11 and f12), and comp lex returns.
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X. CONCLUSIONS

The study of optimum frequencies for aircraft classification has shown
that a hi gh rel i ability of correct classifi cation can be obtained when as
few as two frequencies are used. This holds true for noise environments -:
up to 30% of signal levels. A set of curves is provided showing the rela-
tive performances of single and two frequency returns and the effect of
phase information on the performance. These results indicate that phase
information is very effective in reducing misclassification probabilities.
Indeed single frequency returns provide adequate performance of over 95%
reliability in the presence of noise of up to 20% of signal level.

The e ight a i rcraft that were chosen for classification represent a
rather difficult set since some of them are very simi l ar in size while others

are substantially different. This puts a severe constraint on the choice

of frequencies since the set of small similar objects require frequencies
which are quite different from those accommodating the large objects. Since
the total number is limited to one or at most two frequencies , severe
comparisons are forced. It would , therefore, be expected that a less con-
straining set of aircraft may provide a better performance particularly
when a single frequency must be used.

119

~ 

r-~~~ .~~~~ . . .  ~~~~~~~~~~~~



REFERENCES

1. A. A. Ksienski , V. T. Liri and L. J. White, “Low Frequency Approach
to Target Identification ,” IEEE Proceedings , Vol . 63, No. 12, Dec-
ember 1975.

2~ S. N. Srihari and L. 3. White , “Pattern Recognition Techni ques
for Rada” Aircraft Indentification ,” Report 3815—2, September 1975,
The Ohio State University ElectroScience Laboratory, Department
of Electrical Eng ineering; prepared under Grant AFSOR-74-2611 for
Air Force Office of Scientific Research.

3. V. T. Lin and A. A. Ksienski , “Identification of Complex Geometrical
Shapes by Means of Low Frequency Radar Returns ,” The Radio and
Electronic Engineer , Vol . 46, No. 10, October 1976.

4. Y. T. Lin and J. H. Richmond , “EM Modeling of Aircraft and Low
Frequencies,” IEEE Tr ansactions on Antenna and Propagation , Vol.
AP—23, No. 1, January 1975.

~ . V. T. u n , “Classification of Objects with Complex Geometric Shape
by Means of Low Frequency Electromagnetic Responses ,” Report 3815-
1, August 1974, The Ohio State University ElectroScience Laboratory,
Department of Electrical Engineering; prepared under Grant AFOSR-
74-2611 for Air Force Office of Scientific Research.

6. 1. M. Cover and P. E. Hart, “Nearest Nei ghbor Pattern Classification ,”
iEEE Trans. on Information Theory, Vol. 13-1, ~anuary 1967.

7. J. D. Elashoff , R. M, Elashoff and G. E. Goddman, “On the Choice
of Variables in Classification Problem s with Dichotomous Variables ,”
Biometrika , Vol. 54, 1967.

8. 1. M. Cover and 3. M. VanCompenhout , “On the Possible Ordering
in the Measurement Selection Problem,” IEEE Trans. on SMC Vol.
7—9, September 1977.

1~ 0

_ _


